Process Intensification of Immobilized Enzyme Reactors by Shivaprasad, Parimala & Emanuelsson, Emma Anna Carolina
        
Citation for published version:
Shivaprasad, P & Emanuelsson, EAC 2018, Process Intensification of Immobilized Enzyme Reactors. in A
Górak & A Stankiewicz (eds), Intensification of biobased processes. 55 edn, Green Chemistry Series, vol. 55,










If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 22. Jun. 2021
CHAPTER 11 
 
Process Intensification of Immobilised Enzyme Reactors 
Parimala Shivaprasad1, Emma Anna Carolina Emanuelsson1* 
1,1*Department of Chemical Engineering, 
University of Bath, 
Claverton Down, 














The advantages of enzyme catalysis are high specificity and (enantio) selectivity resulting in 
reactions with little or no by-products. The applications of enzymes in aqueous medium are 
well established and have been extended to organic synthesis more recently. The two limiting 
factors for large scale application of enzymes are continuous processing and process scale-up. 
Process intensification has the potential to overcome these challenges posed by conventional 
processing methods by incorporating a novel reactor design or by using alternate processing 
methods. Process intensified reactors like membrane reactors, microreactors, monolithic 
reactors and rotating disc reactors for enzyme catalyzed reactions will be discussed in this 
chapter. These reactors have shown an improved performance compared to the enzymatic 
reactors currently in use and future opportunities include application for enzymatic catalysis 











11. Process Intensification of Immobilised Enzyme Reactors 
11.1 Introduction 
Enzymes belong to the protein family and can catalyze chemical and biochemical 
transformations that take place at room temperature and pressure1. Enzyme catalyzed 
reactions have found a number of applications in the food and pharmaceutical sectors due to 
their biocompatibility with the human body. More recent application of enzyme catalysis 
includes synthesis of intermediate scale chemicals2-4 and production of polymers5-7. However, 
the reactions have only been carried out on a bench scale and industrial application has been 
limited by a decrease in reaction yield and selectivity during scale-up8,9. 
One way towards a more sustainable future is to change the current unsustainable practices in 
process industries. Process intensification (PI) can reduce process inefficiency10 by 
transforming the current engineering practices to make it more sustainable and 
environmentally benign without hampering production efficiency and profitability8. PI can be 
achieved in the form of novel/hybrid reactor design or by novel processing routes. The 
underlying features of these reactors include intensification of mass and heat transfer 
accompanied by minimum downstream processing. The aim of this chapter is to introduce a 
range of new reactors that have been developed since the early 90's. These reactors have been 
used to improve existing reaction mechanisms and also to enable scale-up of more novel 
applications like enzyme catalyzed reactions. Other chapters in this book (see chapters 9 and 
12) deal with alternate energy source for enzyme reactors like microwave and ultrasonic 
energy to achieve PI. 
This chapter will firstly provide an overview of enzyme immobilization and conventional 
reactors with their shortcomings. Thereafter, process intensification of reactors with a focus 
on immobilized enzymes will be discussed although some of the reactors support both free 
and immobilized enzyme reactions. This chapter will conclude with a perspective on the 
future opportunities for process intensified enzyme reactors.   
11.2 Enzymes as catalysts  
Enzymes are natural catalysts that have gained importance for improving chemical reaction 
rates and have the potential to surpass the catalytic activity of inorganic catalysts. They are 
highly specific catalysts operating under mild reaction conditions and their chirality enables 
them to be employed for enantioselective synthesis in pharmaceutical industry, where end 
products of high optical purity are desirable. Reactions catalyzed by free enzymes follow a 
simple operation protocol; however, the key drawbacks with free enzymes are the 
deactivation under harsh operating conditions and the additional separation step at the end of 
the reaction. Immobilization of enzymes broadens enzyme applicability and mitigates the 
issue of instability11 due to the increased mechanical and thermal stability provided by the 
support material, which also facilitates enzyme recovery and reuse. Enzyme immobilization 
methods can be broadly classified as below (Figure 11.1). 
 
Figure 11.1 Classification of enzyme immobilization methods 
An in depth analysis of immobilization techniques is beyond the scope of this chapter, and 
has been  published by the author12. Briefly, enzyme immobilization can either be physical or 
covalent in nature. Physical binding of enzymes involve ionic, van der Waal’s or 
hydrophobic interactions with the support surface. The method is simple and cost-effective, 
but enzyme leaching and instability in the reaction environment is a key drawback13. 
Covalent binding of enzymes provides better enzyme stability and greater re-usability in both 
aqueous and organic media. Chemical modification of the enzyme during the process of 
immobilization is one of the main disadvantages14. Enzyme entrapment within a polymeric 
network or sol-gel is another immobilization technique, where the enzyme is safeguarded 
against mechanical shear and hydrophobic solvents. Increased resistance to mass transfer and 
low enzyme loading are some of the drawbacks of this method15. Carrier free immobilization 
is possible by using a cross-linking agent like gluteraldehyde, which binds the enzymes to 
each other without the need for a support. Reports of higher enzyme stability and activity 
have been reported for cross-linked enzymes. However, some of the cross-linking agents are 
specific for certain enzymes and it is necessary to optimize the amount of crosslinking agent 
as an excess can adversely affect the enzyme activity and productivity16. 
11.3 Enzymatic reactors: Conventional vs Process Intensified Reactors  
This section will focus on the most commonly used enzyme reactors including batch, packed 
bed and fluidized bed reactors and some of the short comings, which have led to the need for 
process intensification in bioprocessing. 
11.3.1 Conventional reactors and Enzyme Catalysis 
Batch stirred reactors (BSTR) used to be the popular choice for enzymatic reactions. These 
are useful to test novel reactions with low reaction volumes and they have been employed for 
both free and immobilized enzyme catalysis17, 18. However, there are inherent problems like 
enzyme separation and recovery from the reaction medium, low productivity due to the time 
consuming operations of filling, emptying and cleaning the reactor between batches19.  
Another commonly used reactor for large scale enzyme catalysis is the packed bed reactor 
(PBR), in which the enzyme is immobilized on a support, which is packed in a column or a 
pipe. The PBR provides a large interfacial area, easy catalyst recovery and re-usability due to 
using immobilized enzyme and the structured enzyme packing allows for excellent contact 
between the enzymes and the substrate in comparison to stirred tank reactors. An additional 
advantage is the elimination of by-products to a large extent20. Successful applications of 
PBR include production of biodiesel21, lipid hydrolysis22 and acidolysis of oil23. The key 
disadvantage is the increase in pressure drop, especially for small sized packings. Also, the 
availability of enzyme per unit volume in the reactor is reduced with an increasing packing 
size, thereby, reducing the efficiency of the reactor volume24.  
The fluidized bed reactor (FBR) is a form of packed bed reactor, but the catalyst is in a 
fluidized state due to the counter-current contact between the packing and the fluid phase24. 
Continuous agitation of the solid and the liquid phase ensures a uniform temperature 
distribution, but may lead to catalyst leaching and agglomeration. These reactors have been 
used less in comparison to PBRs for enzyme catalyzed reactions. A higher conversion and a  
lower pressure drop for the enzymatic hydrolysis of oil was found in the FBR in comparison 
to the PBR25, and the interesterification of oils, was carried out successfully in the FBR but 
not in the PBR due to a higher pressure drop26. The main disadvantage of the FBR is the need 
for large packing size reducing the enzyme loading per unit volume and the overall efficiency 
of the reactor as well as an increased risk of bypassing and channelling of both  liquid and gas 
phases27.  
To summarize, though conventional reactors have been successfully used for enzymatic 
reactions to produce the desired product, problems associated with scale-up, product 
purification and mass transfer limitation in particular, have been the driving force for 
identifying alternate reactor design to effect process intensification. 
11.3.2 Process Intensified Enzymatic Reactors (PI-ER) 
Process Intensification (PI) can achieve the control of chemical reaction on a molecular scale 
and the advantages are: (i) enhanced reaction rate with a reduction in the size of process 
equipment, (ii) increased selectivity of the product resulting in waste reduction, (iii) easy 
product separation, which otherwise is responsible for major energy consumption, (iv) 
manufacturing process for novel and advanced products can be better tailored28. PI can be 
achieved either by modification of the reactor design or by changing the operating parameters 
used. Modification of existing reactor design has led to a new class of hybrid reactors 
incorporating membranes, monoliths, microchannels and rotating discs and these will be 
focused in this chapter. These reactors have the potential for enhancing the overall reaction 
rate by increasing the effective transport rates and/or by providing multi-functionality to 
devices for process, which can benefit from improved reaction engineering29. The aim of this 
chapter is to highlight the recent developments in the field of PI-ER. Among the different PI-
ERs, enzymatic membrane reactors (11.3.2.1) and microreactors (11.3.2.2) are well 
researched while monolithic (11.3.2.3), rotating packed bed (11.3.2.4) and spinning mesh 
disc reactors (11.3.2.5) are novel classes of reactors for bioprocessing.  
11.3.2.1 Enzymatic Membrane Reactor (EMR) 
Enzyme Membrane Reactors (EMR) have gained popularity for catalyzing bioconversions 
since the first enzyme immobilization took place in the 1950s. There are two ways in which 
the enzymes can be incorporated in the EMR: (i) suspension in the solution which is in turn 
compartmentalized by the membrane (Figure 11.2a) and (ii) immobilization within the 
membrane matrix (Figure 11.2b). The first configuration is analogous to an integrated stirred 
tank reactor - membrane separation unit, while in the second configuration, the membrane 
functions both as a catalyst support and as a separation medium30.  
 
Figure 11.2: (a) Free enzyme membrane module and (b) Membrane immobilised with 
enzyme module. Adapted from31 
The driving force in these reactors can be pressure, electric or chemical potential. EMR has 
the potential to circumvent the disadvantages of conventional enzyme reactors due to the 
following attributes: 
 EMRs allow for continuous mode of operation and is supported for both free and 
immobilized enzyme reactions32. 
 The combination of chemical reactions accompanied by in-situ product separation 
result in an increased reaction conversion. This also simplifies enzyme recovery and 
reuse33.   
 The selectivity of the reaction can be improved and tailored by optimizing the 
enzyme-membrane combination34. 
 The moderate operating conditions ensure enzyme activity is not lost due to high 
temperature and pressure32.  
 EMRs are attractive for enzymatic reactions on an industrial scale as they are a 
greener alternative to the existing technologies in terms of energy saving and process 
waste reduction ensuring production of end products with high purity35. 
The selection of the membrane depends on the nature and size of substrate, enzyme and 
product(s). Ultrafiltration membranes are mostly used for reactors employing free enzymes as 
their pore size range (1 to 100 nm) is sufficient to retain a wide range of enzymes and the 
unique asymmetric pore size distribution along the length of their surface allows for higher 
flow rate of the permeate, reducing clogging and hence, allowing for easy cleaning of the 
membrane36, 37. The enzyme stability on a particular membrane is critical, and the choice of 
membrane material is usually made based on membrane characteristics, like pore size 
distribution, molecular weight cut off, operating pH, temperature and pressure and resistance 
to chemicals36, 38. Ceramic membranes are generally preferred to polymeric membranes  as 
they provide greater chemical resistance and can operate at higher temperatures and pressures 
although the uptake of polymeric membranes is increasing and there is a lot of research 
focusing on improving the operating envelope of polymeric membranes37, 39.  
EMRs are conventionally classified based on the reactor configuration and the 
hydrodynamics of the system, into CSTR and plug flow EMR. However, with the advent of 
multi-phase reactor configurations and different membrane configurations, more recently 
they have been classified as direct contact, diffusion and multiphase EMRs40.  
i. Direct contact membrane reactors 
In this reactor configuration, the substrates are introduced on the enzyme side of the reactor, 
where the enzyme is either free or immobilized. Further classification of this configuration 
include dead end, recycle and dialysis reactors. In the dead end cell reactor configuration, 
both separation and reaction take place in a single compartment and pressure is used as the 
driving force to cause the permeation of the reactant media across the membrane. The mode 
of operation of this configuration is analogous to a stirred tank reactor, where the membrane 
divides the permeate and the retentate stream. Despite shortcomings such as low flux and 
membrane surface area, this configuration is popular for lab scale processes as a consequence 
of operation simplicity41, 42. In the recycle reactor configuration, the solution containing 
substrate and the enzyme are recycled between the reaction vessel and the ultrafiltration 
membrane unit, present in a closed loop.  In dialysis reactors, enzyme and substrate is 
introduced on the same side of the membrane and the product(s) diffuse across the membrane 
because of the concentration gradient. Tubular and hollow fibre membranes are the 
commonly used membrane modules for the reactor configuration in general for applications 
like hydrolysis of lipids and proteins and enantioselective synthesis of protein43-46.   
ii. Diffusion membrane reactors  
In this class of reactor configuration, the enzyme and substrate are separated by the 
membrane, and the substrate diffuses through the membrane enabling the reaction. The 
products are then recycled back to the substrate side after reaction. Hollow-fibre modules 
with the enzyme placed in the shell side is usually used for this configuration40. Only 
substrates with low molecular weight can be processed, and since diffusion of the substrates 
into the permeate side is the rate limiting step, reaction rates are lower in this configuration30. 
This configuration has mainly been used for enzymatic conversion of sugars47 and synthesis 
of proteins48. The limited applicability of this configuration is one of the main drawbacks. 
iii. Multiphase enzyme reactors 
The final configuration is characterized by the interfacial contact between the enzyme and the 
substrate at the membrane site. The membrane separates the polar and the apolar phases and 
in some cases, slight pressure is applied to facilitate the phase separation. The flow can either 
be single pass or recycled through external vessels. This configuration is used when the 
enzyme is triggered by interfacial activation43. The applications of this reactor configuration 
include oil hydrolysis49-51 and synthesis of fatty acids52-55. Phase mixing is one of the key 
disadvantages of this configuration. 
EMRs have been applied for the production of pharmaceuticals56-58 achieving high 
enantiomeric excess (‘ee’). In the food sector59, 60, EMRs have been used for clarifying fruit 
juices and lactose reduction in dairy products. Enzymatic hydrolysis of lipids is another 
successful application of  EMRs50, 61,62. In general, immobilized enzymes have a higher 
stability compared to when the reactor was operated with free enzymes. An increase in yield 
has been achieved by increasing the enzyme loading on the membrane. Furthermore, in 
EMRs that incorporate nanofiber membranes, the transmembrane pressure effect on 
conversion and energy consumption was eliminated. 
Though membrane reactors have been used in many successful transformations, EMRs still 
have a range of shortcomings32 such as a loss in the enzymatic activity due to immobilization 
or the reaction environment, and membrane fouling. Future research should focus on making 
advances in reactor design and control mechanism for reactor scale-up and improving the 
reactor efficiency by carrying out cascade and synergistic reactions and reducing fouling, for 
example by using tuneable membranes. EMR technology can also be extended to reactions 
with insoluble products to explore the potential of the UF membrane to retain solid 
particles40.  
11.3.2.2 Enzymatic Microreactors 
Microreactors are a type of reactors that comprise of microchannels of diameter between 10-
500 µm, which reduce transfer limitations and enable a greater exchange area for reactant 
molecules (Figure 11.3). This in turn improves mixing and heat exchange within the 
microchannels resulting in higher mass and heat transfer63, resulting in fast reactions with 
residence times in the order of milliseconds using small amounts of enzyme and substrate for 
the reaction. 
 
Figure 11.3 A PDMS and glass microreactor. Reprinted (adapted) with permission from 
Mason et.al © 2007 American Chemical Society. 
 
Microreactors have been well developed for analytic and diagnostic applications37, 64-66 and 
the opportunities for bioprocessing are gaining attention due to the following PI advantages: 
 Enhanced reaction selectivity can be obtained using microreactors as energy can be 
supplied in the right form and in the right amount; thus, achieving a uniform reaction 
experience for all the reactant molecules28.  
 In addition to providing superior heat transfer, free radicals are terminated when they 
come in contact with the microchannel walls, stabilising their propagation rate67. 
 Miniaturization of the reactor reduces the energy consumption, waste generation and 
chemical inventory as the reaction volumes are reduced ensuring that the reactor 
volume is fully utilized68.  
 Scale up can easily be achieved through the replication and numbering up of each 
reactor unit, and thus, reducing the cost associated with re-design which facilitates 
faster commercial scale production67.   
 Allows for fast screening of small molecules for drug discovery for the 
pharmaceutical industries, which is otherwise limited by conventional batch reactors 
and their associated higher chemical inventory and safety concerns39.  
Though free enzyme catalysis is possible in the microreactor, one key component is the 
immobilization of enzymes, with a wide range of techniques having been reported. Physical 
immobilization of the enzymes on the surface of SiO2
69, PDMS70 and fused silica71-73 has 
been successful. In all the cases, the enzymes were protected from getting denatured and 
could be used for multiple cycles without a significant loss in the enzymatic activity. A 
higher enzyme loading has also been achieved with fused silica as a higher surface area was 
available within the sol-gel modified surface although these techniques require several steps 
and are limited to a narrow range of enzymes. Enzyme entrapment74 and encapsulation75 
(within a polymer matrix or silica) followed by immobilization on the surface of micro-
reactor channels is another well reported technique. These microreactors were compatible 
with organic solvents and were used over multiple reaction cycles49, although the preparation  
involved several time consuming steps and the enzymes were often denatured during the 
immobilization. Adsorption76 and cross-linking77 of enzymes incorporated within the walls of 
a microreactor has shown to provide solvent compatibility and longer enzyme activity. 
However, enzyme leaching and reduction in the enzyme functional groups is a common 
problem with this method.  
The applications of enzymatic microreactors can be classified based on (i) catalytic 
biotransformation of substrates and (ii) kinetic screening of substrate molecules. An example 
of free enzyme reaction is electrophoretically mediated microanalysis, which is carried out by 
making use of different zones of mixing within the microchannel based on the mobility of the 
enzyme and the substrate molecule78, 79. Exciting opportunities include the tandem synthesis 
of pharmaceuticals using two microreactors in series. This exhibited higher conversions at 
lower reaction times in comparison to batch reactors in series80.  Another interesting 
application is  for complex reactions like chemo-enzymatic synthesis, which has converted 
simple substrates to polymers81. A recent application is the production of biopolymers6, 
which resulted in a higher  molecular weight bio-polymer in comparison to the batch reactor. 
The effect of inefficient chain propagation as a result of diffusion limitation in the batch 
reactor was eliminated in the microreactor.  
Microreactors are a promising class of reactors for a transition from traditional reactor 
modules to continuous flow reactors for industrial manufacturing. Some of the key 
challenges67 that need to be addressed are (i) clogging of channels with particles and slurries 
to ensure stable operating conditions, (ii) lack of computational tools and adequate 
information of reaction mechanisms for achieving a better control over process optimization 
in the reactor and (iii) difficulty in implementing “plug and play” reactor configuration as the 
reactor design is not universal. Currently, the production scale-up of low cost chemicals in a 
microreactor is not economically viable, but the operation cost is justified for high value 
chemicals as the enzymes are recycled, and so they can be considered as a potential 
opportunity by industry. The future scope for the reactor lies in engineering continuous and 
sustainable processes by improving existing protocols for multistep reactions, accurate 
reaction control to further enhance the selectivity of the reactor, reducing the reactor design 
time and cost by using active screening parameters (temperature, pH, substrate concentration, 
etc.) and application to multiphase reactions that are usually limited by low conversion and 
rapid enzyme deactivation.  
11.3.2.3 Immobilized Monolithic Enzyme Reactors (IMERs) 
Monoliths are structural supports, comprising of well-defined capillary channels. The enzyme 
is immobilized by either wash or dip coating on the inner walls of the monolith, aiming to 
retain the porosity of the support and achieving a high enzyme activity (Figure 11.4).  
 
Figure 11.4 Monolithic supports for enzyme immobilization. Reprinted from Lathouder et.al 
© 2006, with permission from Elsevier 
 
Traditionally, monolith catalytic reactors have been used for emission control from 
automobiles. However, their application is becoming more diverse and they are now widely 
applied in the chemical and biochemical industries owing to the range of advantages of these 
reactors10, 82: 
 One of the main features is the reduction in pressure drop by a couple of orders of 
magnitude when compared to the PBRs.  
 A higher surface area, 1.5 to 4 times higher than reactors with catalyst pellets, which 
results in enhanced reaction rate and conversion.  
 The catalyst efficiency is improved due to the shorter diffusion channels and a 
reduction in the mass transfer resistance. Reaction selectivity is also improved as it is 
easier to control the reactions. 
 They also facilitate process miniaturization as they can be portable and help in mobile 
applications like ethanol reforming and cleaning of aircraft cabins. Development of 
small monolithic reactors also find application in fast screening of drugs in 
pharmaceutical industries. 
Monolithic supports can be either be organic polymers or inorganic monoliths. Organic 
monoliths are more popular as they are stable over a wide range of operating conditions, and 
have abundant functional groups, which facilitate efficient and simple enzyme 
immobilization protocol, and are also biocompatible. The use of epoxide groups (with or 
without modification) in a monolith for enzyme immobilization has been well reported in 
literature83-85. The enzymes retained their activity for a longer period, accompanied by a 
lower pressure drop, compared to the PBR. Monolithic Convective Interaction Media (CIM 
discs) are commercially available monoliths (BIA separation) and have also been used for 
enzyme immobilization86, 87. Silica-based monoliths are the most popular inorganic support 
for enzyme immobilization as they offer a macroporous channel and mesoporous skeleton, 
which enable higher enzyme loading, fast mass transfer and lower pressure drop88. 
Composites89, modified silica90, 91 and sol-gel92 networks are other monoliths, which have 
been used for enzyme immobilization. In all cases, enzyme activity was retained over a 
longer time period, due to the inherent structural stability provided by the monolith.  
Application of IMER for production of biodiesel has been reported in literature using both 
inorganic and organic monoliths. Silica93 and acrylic86 based IMER have been used for 
enzymatic transesterification of oil,  resulting in high  product yield and selectivity compared 
to the free enzyme catalyzed reaction. IMERs have also been used in chemical synthesis. 
Terpene was synthesized using lipase immobilized on a styrene based monolith,  and it out-
performed the PBR94. Another successful application was the production of lactose-free milk 
using β-galactosidase immobilized on lab-made agarose column95. Use of IMERs in 
pharmaceutics has also shown to provide the advantage of fast screening of drug molecules 
and drug development, and since the majority of the targets are enzymatic in nature, the 
enzyme immobilized monoliths can alleviate the need for complex in vitro characterization 
tests. CIM based IMERs immobilized with acetylcholinesterase have been extensively used 
in the therapeutic research for Alzheimer’s disease96, 97. The advantage with the IMER was 
that it provided the necessary structural stability for the enzyme, and over 2000 individual 
tests could be carried out without a loss in the enzymatic activity. Finally, a widely reported 
application of IMERs is the digestion of proteins by enzymes. Compared to the conventional 
time consuming in-solution digestion, IMERs facilitate protein digestion within a few 
minutes, and also allow automation as they can be integrated within the system. Immobilized 
trypsin has for example been used for the digestion of cytochrome85, BSA98 and peptides99. 
Hybrid organo-inorganic monolith has been used for automated digestion of insulin and 
lysozyme75.   
Despite the number of advantages associated with IMERs, the technology is still novel and 
has not been employed for large scale industrial bioprocesses82, 100. The monoliths are 
currently lab made, tailored for a specific enzyme and the scale-up of monolith production is 
a challenge in itself. The cost of manufacturing monolithic catalysts is higher than pelleted 
catalysts. However, the industries should consider the re-usability of monoliths, which can 
offset the high initial cost. Irreversible immobilization of enzymes on expensive monolithic 
supports hinders their re-usability once the enzyme deactivates and regeneration of such 
supports have to be considered.  
11.3.2.4 Rotating Packed Bed Reactors  
Rotating packed bed reactors (RPB) have been studied since the 1970s and facilitate 
intensified heat and mass transfer reactions generally applied for gas-liquid phase reactions. 
The application of the RPB reactor for enzymatic reactions was developed in the mid-90s and 
is still not well researched. They can be thought of as a combination of a rotor-stator and a 
static mixer in which the centrifugal force causes the fluids flowing through the packed bed 
immobilized with enzyme to spread out as fine droplets or thin films, thus resulting in better 
mixing (Figure 11.5).  
 
Figure 11.5 Schematic diagram of a rotating packed bed reactor. Reprinted (adapted) with 
permission from Liu et.al © 1996 American Chemical Society. 
 
Some of the characteristics of the RPB are as follows 101: 
 Mass transfer resistances are reduced due to the centrifugal force causing the 
formation of a thin film completely wetting the packed enzyme bed. 
 The residence time of the RPB is in the order of 10 to 100 µs enabling them to be 
employed for fast reactions.  
 Enzymes activity is retained over a longer period as they are protected from the 
hydrodynamic forces within the reactor. 
The RPBs have to date been used for nanofabrication102, 103, advanced oxidation104, 105 and 
biodiesel production106. More recently, the RPBs have been extended for enzymatic 
biotransformation reactions107-109 like glucose oxidation and oil hydrolysis. For example, the 
importance of rotational speed was demonstrated by a 20% increase in production rate with 
increasing speed for glucose oxidation107. The RPB has also been successfully employed for a 
three phase reaction system, which proved to be more efficient than a conventional fluidized 
bed reactor in terms of energy efficiency and reducing the attrition of the immobilized 
catalyst particles. Enzymatic conversion of rifamysin B to rifamycin S, an inflammatory drug, 
proceeded faster than in the RPB108. The efficiency of the degumming of rice bran oil using  
immobilized Lecitase109 was increased with the impeller speed retaining the enzymatic 
activity. 
The application of RPB to enzymatic reactions is still limited. Reactor scale-up requires an 
increase in the packed bed size, leading to reduced reactor efficiency due to incomplete 
wetting of the packing. The energy and maintenance costs of the rotating system are currently 
higher than conventional columns, which can be offset by a reduction in the size and the 
capital cost of the reactor. The future prospects for the reactor are in terms of advances in 
design and process control for continuous reactions and extension into more complex enzyme 
catalyzed reactions.  
11.3.2.5 Spinning Mesh Disc Reactor (SMDR) 
The Spinning Mesh Disc Reactor (SMDR) is an innovative reactor design developed by the 
author. Like the spinning disc reactor (SDR) technology, the SMDR also uses centrifugal 
force for an even spread of thin film on the surface of the disc, but additionally holds a cloth 
immobilized with the enzyme (Figure 11.6). The cloth is a critical component as it allows for  
improved mixing on top as well as within the cloth, which increases the contact between the 
enzyme and the reactants27, and thus, creating a highly localized reaction zone. The key 
advantages of the SMDR are27, 67: 
 Reaction intensification occurs through a combination of increased mass transfer and 
interfacial surface area.  
 The cloth protects the enzymes from hydrodynamic forces and the enzyme activity is 
retained over multiple cycles. 
 The residence time is in the order of milliseconds, which facilitates fast reactions.  
 Mild operating conditions allow for reactions in aqueous and organic solvent medium.   
 
Figure 11.6 (a) Schematic diagram of the SMDR for tributyrin hydrolysis, (b) Photograph of 
the reactor set-up, (c) Enzyme immobilised on a woollen cloth support. Reprinted from Feng 
et.al © 2013, with permission from Elsevier 
 
The SMDR has been used to study the hydrolysis of tributyrin using free and immobilized 
lipase on wool27. In both cases, the reaction conversion was higher than the BSTR. The 
reaction conversion also increased with the increase in spinning speed up to a certain 
threshold, beyond which enzyme leakage was observed, likely due to the surface shear on the 
cloth surface. The enzyme cloth was re-used for 15 cycles and 80% of the original activity 
was retained, demonstrating the robustness of the reactor. It has also been shown that any 
cloth support used for enzyme immobilization can be incorporated in the SMDR, paving way 
for different structural supports to be integrated with this technology. The improved mixing 
in the SMDR can be attributed to the number of tanks in series, which is two times lower than 
reactor without the cloth. Scale-up of the SMDR can be achieved by increasing the number of  
immobilized cloths and numbering up of the discs22. Similar to the scale-up of microreactors, 
scale-up of a SMDR in general does not require a re-design in terms of operating co-efficient 
like Prandtl and Reynold's numbers, but is solely governed by physical laws66. The reactor 
has recently been extended to chemical synthesis, producing nitroalcohol from aldehydes100. 
Due to the recent development of the SMDR, there has not been a technology transfer to the 
industry. The SMDR is as a niche and flexible technology, suitable for the production of 
pharmaceuticals and fine-chemicals. Future research should focus on extending the SMDR 
technology to organic synthesis, cascade and multifunctional reactions by integrating 
alternate forms of energy. Parallel operation of multi-disc design can also be one of the ways 
to achieve the production demand.  
11.4 Conclusion 
Process intensified enzyme reactors have been successful in surpassing the performance of 
conventional reactors for biotransformation on a lab scale, justifying the academic and 
industrial attention they have received in the last decade. Reactor engineering coupled with a 
fundamental understanding of the chemistry has resulted in improved efficiency of enzyme 
reactions developing a range of PI-ERs. While membrane and micro reactors have been 
tested for a range of applications, RPB and SMDR have the potential versatility to transform 
novel, bench scale chemistry into continuous processes. The future scope lies in integration 
of PI domains in the form of alternate energy source, multi-functionality and synergistic 
reactions. The next steps for industrial implementation of these technologies also include cost 
assessment, process control, design and development of the reactors for higher throughput. 
Another possible means of ensuring faster technology transfer to industries is by 
commercialization of PI-ER research as spin-out companies. To conclude, the combination of 
process intensification and enzyme catalysis is an effective way of achieving sustainable 
processes on an industrial scale, and this can only be achieved if engineers and chemists work 
together at all the development stages, rather than as an afterthought.  
References 
1. S. J. Benkovic and S. Hammes-Schiffer, Science, 2003, 301, 1196-1202. 
2. R.-C. Tang, Z. Guan, Y.-H. He and W. Zhu, Journal of Molecular Catalysis B: Enzymatic, 2010, 
63, 62-67. 
3. P. Vongvilai, R. Larsson and O. Ramström, Advanced Synthesis & Catalysis, 2008, 350, 448-
452. 
4. X. Yu, B. Pérez, Z. Zhang, R. Gao and Z. Guo, Green Chemistry, 2016, 18, 2753-2761. 
5. C. Bonduelle, B. Martin-Vaca and D. Bourissou, Biomacromolecules, 2009, 10, 3069-3073. 
6. S. Kundu, A. S. Bhangale, W. E. Wallace, K. M. Flynn, C. M. Guttman, R. A. Gross and K. L. 
Beers, Journal of the American Chemical Society, 2011, 133, 6006-6011. 
7. M. Zhang, E. Su, J. Lin and D. Wei, Chemical and Biochemical Engineering Quarterly, 2012, 
26, 1-6. 
8. M. P. Dudukovic, Chemical Engineering Science, 2010, 65, 3-11. 
9. E. Stitt, Chemical Engineering Journal, 2002, 90, 47-60. 
10. A. I. Stankiewicz and J. A. Moulijn, Chemical Engineering Progress, 2000, 96, 22-34. 
11. A. M. Klibanov, Science, 1983, 219, 722-727. 
12. D. J. Leak, X. Feng and E. A. Emanuelsson, Chemical process technology for a sustainable 
future, 2014, 320-346. 
13. D. Brady and J. Jordaan, Biotechnology letters, 2009, 31, 1639-1650. 
14. U. Hanefeld, L. Gardossi and E. Magner, Chemical Society Reviews, 2009, 38, 453-468. 
15. A. Pierre, Biocatalysis and Biotransformation, 2004, 22, 145-170. 
16. L. Wilson, A. Illanes, L. Soler and M. J. Henríquez, Process Biochemistry, 2009, 44, 322-326. 
17. R. Messing, Immobilized enzymes for industrial reactors, Elsevier, 2012. 
18. T. Tan, J. Lu, K. Nie, L. Deng and F. Wang, Biotechnology advances, 2010, 28, 628-634. 
19. T. Kumaresan and J. B. Joshi, Chemical Engineering Journal, 2006, 115, 173-193. 
20. X. Xu, S. Balchen, C.-E. Høy and J. Adler-Nissen, Journal of the American Oil Chemists' Society, 
1998, 75, 1573-1579. 
21. S. Hama, A. Yoshida, N. Tamadani, H. Noda and A. Kondo, Bioresource technology, 2013, 135, 
417-421. 
22. X. Feng, D. A. Patterson, M. Balaban and E. A. C. Emanuelsson, Chemical Engineering Journal, 
2014, 255, 356-364. 
23. O. N. Çiftçi, S. Fadıloğlu and F. Göğüş, Bioresource technology, 2009, 100, 324-329. 
24. R. E. Treybal, New York, 1980. 
25. P. Padmini, K. Iyengar and A. Baradarajan, Journal of chemical technology and biotechnology, 
1995, 64, 31-34. 
26. N. M. Osório, J. H. Gusmão, M. M. da Fonseca and S. Ferreira‐Dias, European journal of lipid 
science and technology, 2005, 107, 455-463. 
27. X. Feng, D. A. Patterson, M. Balaban, G. Fauconnier and E. A. C. Emanuelsson, Chemical 
engineering journal, 2013, 221, 407-417. 
28. A. Górak and A. Stankiewicz, Institute for Sustainable Process Technology, Amersfoort, 2011. 
29. D. G. Vlachos and S. Caratzoulas, Chemical Engineering Science, 2010, 65, 18-29. 
30. L. Giorno and E. Drioli, Trends in biotechnology, 2000, 18, 339-349. 
31. M. de Cazes, R. Abejón, M.-P. Belleville and J. Sanchez-Marcano, Membranes, 2014, 4, 692-
729. 
32. G. M. Rios, M. P. Belleville, D. Paolucci and J. Sanchez, Journal of Membrane Science, 2004, 
242, 189-196. 
33. G. Belfort, Biotechnology and Bioengineering, 1989, 33, 1047-1066. 
34. S. L. Matson and J. A. Quinn, Annals of the New York Academy of Sciences, 1986, 469, 152-
165. 
35. R. Mazzei, E. Piacentini, E. Drioli and L. Giorno, Process Intensification for Green Chemistry: 
Engineering Solutions for Sustainable Chemical Processing, 2012, 227-250. 
36. W. Leuchtenberger, M. Karrenbauer and U. Plöcker, Annals of the New York Academy of 
Sciences, 1984, 434, 078-086. 
37. M. Nakajima, T. Shoji and H. Nabetani, Process biochemistry, 1992, 27, 155-160. 
38. J. R. Hildebrandt, in Chromatographic and Membrane Processes in Biotechnology, Springer, 
Editon edn., 1991, pp. 363-378. 
39. F. Alfani, L. Cantarella, A. Gallifuoco and M. Cantarella, Journal of Membrane Science, 1990, 
52, 339-350. 
40. D. Prazeres and J. Cabral, Enzyme and Microbial Technology, 1994, 16, 738-750. 
41. I. Ohlson, G. Trägårdh and B. Hahn‐Hägerdal, Biotechnology and bioengineering, 1984, 26, 
647-653. 
42. T. Röthig, K. Kulbe, F. Bückmann and G. Carrea, Biotechnology Letters, 1990, 12, 353-356. 
43. J. L. Lopez, S. A. Wald, S. L. Matson and J. A. Quinn, Annals of the New York Academy of 
Sciences, 1990, 613, 155-166. 
44. P. Lozano, A. Manjón, J. Iborra, M. Cánovas and F. Romojaro, Enzyme and microbial 
technology, 1990, 12, 499-505. 
45. J. van den Berg, in Green Processing and Synthesis, Editon edn., 2014, vol. 3, p. 77. 
46. Q. Wang, X. Fan, Y. Hu, J. Yuan, L. Cui and P. Wang, Bioprocess and biosystems engineering, 
2009, 32, 633-639. 
47. M. Monier, A. El-Sokkary and A. Sarhan, Reactive and Functional Polymers, 2010, 70, 122-
128. 
48. P. Barker, R. Bottom, J. Guthrie and C. Beddows, Polymer Photochemistry, 1982, 2, 87-95. 
49. X. Feng, D. A. Patterson, M. Balaban and E. A. C. Emanuelsson, Colloids and Surfaces B: 
Biointerfaces, 2013, 102, 526-533. 
50. Z. Shariatinia, S. Shekarriz, H. S. M. Mousavi, N. Maghsoudi and Z. Nikfar, Arabian Journal of 
Chemistry, 2015. 
51. G. Freddi, T. Arai, G. Colonna, A. Boschi and M. Tsukada, Journal of Applied Polymer Science, 
2001, 82, 3513-3519. 
52. A. Van der Padt, J. Sewalt, S. Agoston and K. Van't Riet, Enzyme and microbial technology, 
1992, 14, 805-812. 
53. A. Van der Padt, M. Edema, J. Sewalt and K. Van't Riet, Journal of the American Oil Chemists’ 
Society, 1990, 67, 347-352. 
54. M. Habulin and Z. Knez, Journal of membrane science, 1991, 61, 315-324. 
55. M. M. HOQ, H. Tagami, T. Yamane and S. Shimizu, Agricultural and biological chemistry, 
1985, 49, 335-342. 
56. J. Ceynowa and M. Rauchfleisz, Journal of Molecular Catalysis B: Enzymatic, 2003, 23, 43-51. 
57. E. Drioli and L. Giorno, Biocatalytic membrane reactors, 1999, 113-136. 
58. K. Sakaki, L. Giorno and E. Drioli, Journal of Membrane Science, 2001, 184, 27-38. 
59. S. Bouhallab and C. Touzé, Le Lait, 1995, 75, 251-258. 
60. L. Giorno, L. Donato and E. Drioli, Fruit Processing, 1998, 8, 239-240. 
61. W. Pronk, P. Kerkhof, C. Van Helden and K. v. T. Riet, Biotechnology and bioengineering, 
1988, 32, 512-518. 
62. P.-C. Chen, X.-J. Huang and Z.-K. Xu, Cellulose, 2014, 21, 407-416. 
63. J. C. Charpentier, Chemical engineering & technology, 2005, 28, 255-258. 
64. W. Ehrfeld, V. Hessel, S. Kiesewalter, H. Löwe, T. Richter and J. Schiewe, in Microreaction 
Technology: Industrial Prospects, Springer, Editon edn., 2000, pp. 14-34. 
65. C. Hu and R. L. Hartman, AIChE Journal, 2014, 60, 3534-3546. 
66. S. D. Pask, O. Nuyken and Z. Cai, Polymer Chemistry, 2012, 3, 2698-2707. 
67. X. Feng, D. A. Patterson, M. Balaban and E. A. C. Emanuelsson, Chemical Engineering Journal, 
2014, 235, 356-367. 
68. R. Jachuck, Chemical Engineering Research and Design, 2002, 80, 233-238. 
69. N. J. Gleason and J. D. Carbeck, Langmuir, 2004, 20, 6374-6381. 
70. H. Mao, T. Yang and P. S. Cremer, Analytical chemistry, 2002, 74, 379-385. 
71. M. Miyazaki, J. Kaneno, M. Uehara, M. Fujii, H. Shimizu and H. Maeda, Chemical 
Communications, 2003, 648-649. 
72. M. Miyazaki, J. Kaneno, S. Yamaori, T. Honda, P. Briones, P. Maria, M. Uehara, K. Arima, K. 
Kanno and K. Yamashita, Protein and peptide letters, 2005, 12, 207-210. 
73. M. Miyazaki and H. Maeda, TRENDS in Biotechnology, 2006, 24, 463-470. 
74. T. Richter, L. L. Shultz-Lockyear, R. D. Oleschuk, U. Bilitewski and D. J. Harrison, Sensors and 
Actuators B: Chemical, 2002, 81, 369-376. 
75. K. Sakai-Kato, M. Kato, K. Ishihara and T. Toyo'oka, Lab on a Chip, 2004, 4, 4-6. 
76. J. Gao, J. Xu, L. E. Locascio and C. S. Lee, Analytical Chemistry, 2001, 73, 2648-2655. 
77. T. Honda, M. Miyazaki, H. Nakamura and H. Maeda, Chemical communications, 2005, 5062-
5064. 
78. X. Hai, J. Konečnỳ, M. Zeisbergerová, E. Adams, J. Hoogmartens and A. V. Schepdael, 
Electrophoresis, 2008, 29, 3817-3824. 
79. F. E. Regnier, D. H. Patterson and B. J. Harmon, TrAC Trends in Analytical Chemistry, 1995, 
14, 177-181. 
80. B. Ku, J. Cha, A. Srinivasan, S. J. Kwon, J. C. Jeong, D. H. Sherman and J. S. Dordick, 
Biotechnology progress, 2006, 22, 1102-1107. 
81. H. R. Luckarift, B. S. Ku, J. S. Dordick and J. C. Spain, Biotechnology and bioengineering, 2007, 
98, 701-705. 
82. J. Wood, Process Intensification for Green Chemistry: Engineering Solutions for Sustainable 
Chemical Processing, 2013, 175-197. 
83. J. Křvenková, Z. Bilková and F. Foret, Journal of separation science, 2005, 28, 1675-1684. 
84. Q. Luo, X. Mao, L. Kong, X. Huang and H. Zou, Journal of Chromatography B, 2002, 776, 139-
147. 
85. M. Petro, F. Svec and J. M. Fréchet, Biotechnology and bioengineering, 1996, 49, 355-363. 
86. K. Benčina, A. Podgornik, A. Štrancar and M. Benčina, Journal of separation science, 2004, 
27, 811-818. 
87. Y.-P. Lim, D. Josic, H. Callanan, J. Brown and D. C. Hixson, Journal of Chromatography A, 
2005, 1065, 39-43. 
88. J. Ma, L. Zhang, Z. Liang, W. Zhang and Y. Zhang, Journal of separation science, 2007, 30, 
3050-3059. 
89. Y. Yi, Y. Chen, M. A. Brook and J. D. Brennan, Chemistry of materials, 2006, 18, 5336-5342. 
90. E. Calleri, C. Temporini, E. Perani, C. Stella, S. Rudaz, D. Lubda, G. Mellerio, J.-L. Veuthey, G. 
Caccialanza and G. Massolini, Journal of Chromatography A, 2004, 1045, 99-109. 
91. C. Temporini, E. Perani, E. Calleri, L. Dolcini, D. Lubda, G. Caccialanza and G. Massolini, 
Analytical chemistry, 2007, 79, 355-363. 
92. B. D. Bennett and R. N. Zare, J. Sep. Sci, 2002, 25, 3-9. 
93. K. Kawakami, Y. Oda and R. Takahashi, Biotechnology for biofuels, 2011, 4, 1. 
94. P. Lozano, E. García‐Verdugo, R. Piamtongkam, N. Karbass, T. De Diego, M. I. Burguete, S. V. 
Luis and J. L. Iborra, Advanced Synthesis & Catalysis, 2007, 349, 1077-1084. 
95. P.-E. Gustavsson and P.-O. Larsson, Journal of Chromatography A, 2001, 925, 69-78. 
96. M. Bartolini, V. Cavrini and V. Andrisano, Journal of Chromatography A, 2005, 1065, 135-144. 
97. M. Bartolini, N. H. Greig, Q.-s. Yu and V. Andrisano, Journal of Chromatography A, 2009, 
1216, 2730-2738. 
98. A. K. Palm and M. V. Novotny, Rapid communications in mass spectrometry, 2004, 18, 1374-
1382. 
99. K. Sakai-Kato, M. Kato and T. Toyo'oka, Analytical chemistry, 2002, 74, 2943-2949. 
100. P. Shivaprasad, M. D. Jones, D. A. Patterson and E. A. C. Emanuelsson, Chemical Engineering 
and Processing: Process Intensification, 2017. 
101. J.-F. Chen, Y.-H. Wang, F. Guo, X.-M. Wang and C. Zheng, Industrial & Engineering Chemistry 
Research, 2000, 39, 948-954. 
102. J. Chen, L. Shao, C. Zhang, J. Chen and G. Chu, Journal of materials science letters, 2003, 22, 
437-439. 
103. J.-F. Chen, L. Shao, F. Guo and X.-M. Wang, Chemical Engineering Science, 2003, 58, 569-575. 
104. C.-C. Chang, C.-Y. Chiu, C.-Y. Chang, C.-F. Chang, Y.-H. Chen, D.-R. Ji, Y.-H. Yu and P.-C. Chiang, 
Journal of Hazardous Materials, 2009, 161, 287-293. 
105. Y. H. Chen, C. Y. Chang, W. L. Su, C. Y. Chiu, Y. H. Yu, P. C. Chiang, C. F. Chang, J. L. Shie, C. S. 
Chiou and S. I. Chiang, Journal of Chemical Technology and Biotechnology, 2005, 80, 68-75. 
106. Y.-H. Chen, Y.-H. Huang, R.-H. Lin and N.-C. Shang, Bioresource technology, 2010, 101, 668-
673. 
107. H. N. Chang, I. S. Joo and Y. S. Ghim, Biotechnology letters, 1984, 6, 487-492. 
108. B. H. Chung, H. Chang and M. H. Han, Journal of fermentation technology, 1986, 64, 343-345. 
109. G. Sheelu, G. Kavitha and N. W. Fadnavis, Journal of the American Oil Chemists' Society, 
2008, 85, 739-748. 
 
 
 
 
 
 
 
